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1. Introduction
Two architectural approaches have dominated the field of optical computing. The first

approach uses integrated optics to connect logic gates in arbitrary configurations similar to a

I conventional computer. An optical computer built with this approach competes directly with
a conventional computer. The approach is successful when it results in a computer which is
more powerful and can be made more cheaply. The second approach makes use of 2-D arrays
of logic devices interconnected in free space. This approach cannot provide arbitrary con-
aections as do integrated optics but the density and the bandwidth of free space interconnects

I can be much larger than what is offered by conventional interconnects. A more fundamental
advantage to optical interconnects is that lower energy communications appear to be possible
than with electronic interconnects. 1

Recently, SEEDs and related electrooptic devices have been proposed as potential
components of free space digital optical computers because of their bistability, high speed,
and low switching power.2-5 SEEDs or self electrooptic effect devices exploit the quantum
confined Stark effect in quantum well materials to produce optical bistability.6,7 One version,
the symmetric SEED or s-SEED, contains two SEEDs connected together across a fixed
voltage, Figure 1 [8]. In this configuration, the s-SEED is optically bistable with two states,
(1) SEED I is highly reflecting and SEED 2 is poorly reflecting, and (2) SEED I is poorly
reflecting and SEED 2 is highly reflecting. The device has time sequential gain, such that the
state of the device can be set with low power beams, and read out subsequently with high
power beams. Because the device operates on the ratio of reflectances, it is insensitive to
optical power supply fluctuations if both beams are derived from a single source. The s-SEED
is especially promising for digital optical computing applications because it has good
input/output isolation being time sequential. It does not require the critical biasing required
of most bistable devices.

Spatial light modulators, optical dynamic memory5, all-optical shift registers9, and
optical set-reset latches have been demonstrated using arrays of s-SEEDs10. Optical systems
which compute or perform interconnections using arrays of SEEDs have been proposed and
are under construction 11-12 . The focus of our studies have been on massively parallel optical
processors constructed from interconnected or cascaded optical logic modules (COLM). This
method of interconnection is based on the use polarizing elements and lenses. The polari-

zation/lens based system allows efficient interconnections between devices at the cost of
requiring regular interconnectivity. 11 These COLMs can be interconnected to form gates,
adders, programmable logic arrays, and other components of conventional electronic com-
puters. Figure 2 is a schematic of a single COLM. The section of the CULM shown separately
in Figure 3, is used to clear the s-SEED array. The COLM reads out the SEED array, operates
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I on the information, and passes data to another COLM, where another SEED array is set.
This system has been constructed at AT&T Bell Laboratories by M. Prise and operational

details of this optical system are available in References 13,14.
The transmission efficiency or throughput of the COLM is limited, primarily, by two

factors. First, it is limited by the quality of the polarizing beam splitters and waveplates used

in its design, and second, by the alignment of the system. An imaging polarimeter has been

assembled at UAH to align the polarizing elements in a COLM and to make comparative

measurements COLM polarizing elements to decide which ones will work best. The goal of

i this research is to optimize the efficiency of a polarization based cascadable optical logic
module of a digital optical computer.
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! Figure 1:• Structure of symmetric sef-electro-optic device.
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Figure 2: Architecture of a cascadable optical logic device for a digital optical computer.
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i Figure 3:• Portion of the cascadable optical logic module that is used to clear the s-SEED.
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Section 2 discusses the polarization aberration mechanisms of the polarizing elements

used in the COLM. Included in this section is the analysis of the field angle dependence of

a quarter wave plate and a polarizing beam splitter cube. Section 3 describes the Stokes

imaging polarimeter. Section 4 describes the experimental configuration of the imaging

polarimeter used to measure the field of view dependence of an achromatic polarizing beam

splitter at 632.8 nm. The results of measurements made in transmission over a 100 field of

view of a polarizing beam splitter cube are also presented in this section. Section 5 discusses

the calibration issues associated with the imaging polarimeter that have been addressed and

still need to be addressed. Section 6 describes a method of aligning the polarizing elements

of a COLM using the imaging polarimeter. Finally in section 7 we provide some concluding

remarks.

2. Background

2.1 Polarization beam combining

The heart of the COLM is the portion highlighted in Figure 1. This section of the COLM

combines input beams from one logic module with the power beams of a second. The s-SEEDs

are set by the input beams of the first logic module so that they can be read out by the power

beams of the first. The method of combining beams from the two modules in this manner is

* called polarization beam combining.

Figure 4 shows z polarization beam combining system which allows four-port access to

the s-SEED. From the left two signal beams in orthogonal linear polarization states reflect

and pass through the polarizing beam splitter cube according to their polarization state. After

passing through the quarter wave retarders, the beams are imaged onto the reflective portions

of the patterned reflectors. The beams are thus transformed into left and right handed circular

states and then reflected which inverts their handedness. Passing back through the wave plates

converts their polarization back to linear so that the beams from mirror array 1 pass through

the polarizing beam splitter and the beams from mirror array 2 reflect. Thus the signal inputs

are imaged onto the s-SEED in orthogonal polarization states. The power beams are imaged

between the mirror portions of mirror array 1 onto the s-SEED. The output power beams

are reflected off the s-SEED, and the polarization is transformed again by the waveplate so

that it reflects off the polarizing beam splitter and the beams exit the module through the

spaces in mirror array 2.
Note that the patterned reflectors and s-SEED array are in image planes. This meaiis

that the system focuses the beams through the polarizing elements. Accordingly, rays up to

approximately 10" pass through the polarizing elements. Therefore the behavior of the

4



I
polarizing elements over a 10 * field of view must be determined. Furthermore, since a large

i cross-section of the polarizing elements are illuminated by the beams, the uniformity of the

polarizing element is an issue that must be addressed.

The next two subsections in this section describe the field dependence of the polarizing

elements used in the COLM. The last subsection analyzes the dependence of throughput of

the COLM on the quality of the polarizing elements and alignment.

Power I

Mirror array I

I tk/4

OutpuE

Input "

1 W Mirror array 2

k/4

s-SEED array

Figure 4 Beam combining portion of the cascadable optical logic module.

I
2.2 Field of view effects of the polarizing beam splitters

5 A polarizing beam splitter cube's function is to split the incident § and P vibrations of

an incident beam into perpendicular directions. That is, an ideal PBSC will transmit 100%

iUp light and 0% s light; it will reflect 100% s light and 0% p light. Very good polarizers are

obtained when the Banning condition 15 exists between the indices of the substrate and the

thin films. Typically a polarizing beam splitter cube provides a large spectral range but a

small angular range. Reference 16 researched the conditions necessary to spread out the
angular field while keeping good polarizing characteristics. The authors design expanded the5 field of view but reduced the spectral range.

I



I

Based on the theory developed in the paper, the authors designed a polarizing beam
splitter cube with a 5 degree field of view. We entered the design into Code V and traced
rays using the polarization ray trace option to determine the cube's performance over a 10
degree field of view. The results are shown in Figures 5-6 as pupil intensity maps. The cube

i is situated with its multilayer plane of incidence vertical ( the - axis). The positive ,k direction
is the direction that fight reflects. The central point corresponds to an axial ray, and the

outermost points correspond to rays at a 100 angle of incidence.

Figure 5 is a pupil map of the polarizing beam splitter with converging 10° cone of
i incident light in p state of polarization (electric field oscillating in plane of incidence of

multilayer). The numbers in the pupil map are the percent transmission of light that remains
in the p polarization. The remaining light is either reflected or coupled into the orthogonal

s state. Therefore the percentages seen in this pupil map correspond to the percentage of
light that continues to propagate in the correct direction each time it encounters a polarizing

Ibeam splitter cube in the COLM.
Figure 6 is a pupil map similar to figure 1 only the incident polarization is in the s state

and the behavior of the cube is observed in reflection. Again the percentages in the pupil
map correspond to the percent of light that will continue to propagate in the correct direction.

The angular dependence of the polarizing beam splitter cubes used in the digital optical

I
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Figure 5 Pupil map of a polarizing beam splitter cube created by ray trace performed
using Code V ray trace software. A 10° half angle cone of converging light in the 1 state is
incident. The map shows the percent transmitted light remaining in the Istate.
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computer greatly affect the efficiency and performance of this architectural approach to digital

optical computing. The measurements made with the imaging polarimeter correspond directly

to the above ray trace study. The measurements made with the imaging polarimeter on a

number of polarizing beam splitter cubes will tell us which cube design has the bet angular

behavior and uniformity.

I
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Figure 6 Pupil map of a polarizing beam splitter cube created by ray trace performed

using Code V ray trace software. A 100 half angle cone of converging light in the , state is

I , inident. The map shows the percent reflected light remaining in the § state.

2.2 Field of view effects of the retarders

Several characteristics of birefringent retarders introduce polarization aberration in

polarization critical systems. First, the thickness of the birefringent material may be wrong

or wedged, yielding an incorrect or spatially varying retardance. The crystal axis can be

misoriented relative to the faces or the mount. The retarder can be misaligned in the optical

system, either tilted or with its fast axis at the wrong orientation.
Three other problems with retarders are more fundamental, angular field dependence,

diattenuation, and birefraction.
The angular dependence of a uniaxial crystal is illustrated in Fig. 7. For a crystal axis

in this orientation, two conflicting effects are present. First, the difference between the

extraordinary and ordinary refractive index, or birefringence, decreases quadratically with

increasing field angle. Therefore the optical path length will also decrease. The second effect

tends to offset the first effect somewhat. This effect is simply due to the increase in physical

path length with angle.
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Figure 7 : Illustrates the angular dependence of birefringence in a uniaxial crystal. From

the index ellipsoid we see a quadratic variation in birefringence with ray angle.

I
Figure 8 shows variation in retardance with field angle in quartz crystal. The numbers

shown are normalized to a quarter wave of retardance. The crystal axis is along the - axis

and linear polarization at 45 degrees with respect to the 2 axis is incident. Shown is one

quadrant with the lower left corresponding to an axial ray and the angle of incidence increasing

along the k and 9 axes. By symmetry, it is only necessary to view the angular dependence in

one quadrant. For an ideal quarter wave retarder, about a 1% variation of retardance is found

over a 10 degree field of view.

Figure 9 shows double refraction in birefringent uniaxial media. The crystal axis is rep-

resented by c When the propagation vector is not parallel to the crystal axis or normal to the

interface, the extraordinary and ordinary beams will shear apart as shown. The desired

polarization will only be where the two sheared beams overlap in the center. The two crescent

shaped portions of the beam are the portions that do not overlap, but remain in their original

n states (their eigenpolarization states).
8I
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I 50- 1.12 1.11 1.10 1.08 1.04 1.02

I
400- 1.09 1.08 1.07 1.04 1.01 0.98

I300- 1.06 1.05 1.01 1.01 0.98 0.96

II

200 1.02 1.02 1.00 0.98 0.95 0.93

1.02 1.01 1.02 1.00 1.00

I 100 1.01 1.01 1.00 1.01 0.99 0.96 0.93 0.91
S* I ° 1.01 1.00 1.00 1.01 0.98

0* - 1.00 1.00 0.99 0.99 0.97 0.95 0.93 0.90

SI I I I .I 010 200 300 400 so

I Figure 8: Illustrates the variation in retardance of a quartz quarter wave retarder with ray

angle. The Numbers shown have been normalized to a quarter wave of retardance.
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Figure 9: Shows double refraction and beam shear in a uniaxial crystal.

The imaging polarimeter is a useful tool for studying the angular dependence of bire-I fringent devices and the uniformity, or lack of uniformity. Again, the imaging polarimeter

will be used to take data on many quarter wave plates to determine which ones are best suited

for the digital optical computer.

2.3 Performance of an entire COLM

I The imaging polarimeter will be used to study polarization aberration of an entire

COLM. One issue this particular study will address is the polarization aberration and loss of

I throughput due to misalignment and azimuthal orientation errors of the polarizing elements.

An analytical study has been done to determine the sensitivity of COLM throughput to mis-

orientation of the quarter wave retarders. Figure 10 shows the percent transmission of light

that remains in the correct polarization state as a function of orientation error of the quarter

wave retarders. Each retarder received the same amount of orientation error. The percent

transmission refers to the percentage of light emitted from the laser diodes that travels through

the entire COLM to the next COLM. The quarter wave plates and polarizing beam splitter

cubes were assumed ideal. The imaging polarimeter will be used to tweak the orientation

alignment of the quarter wave plates to obtain maximum throughput (see section 6).

10
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Figure 11 shows the relationship between the polarizing beam splitter cubes' trans-

mission coefficients and throughput of a COLM. For this analysis, each of the polarizing
beam splitters are assumed to behave ideal in reflection and have the same transmission

coefficient. Each beam that propagates through the COLM will see slightly different trans-

mission coefficients at the beam splitter cubes and therefore each beam will have an unique

associated overall transmission coefficient. Figure 12 shows a similar plot of throughput,

except the reflection coefficients of the polarizing beam splitter cubes vary and the trans-

mission coefficients are assumed to be ideal. Note that COLM throughput is more sensitive

to variation of reflection coefficients of the beam splitter cubes from ideal behavior than
transmission variation.

The imaging polarimeter will eventually be used to calculate the spatial dependent

Mueller matrix of the COLM. This Mueller matrix will represent all of the above described

polarization aberration mechanisms. In this regard it will completely characterize the

polarization behavior of the cascadable optical logic module.

I II Im
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Figure 11: Plot of percent throughput as a function of transmission coefficient of the
polarizing beam splitter cubes. Each polarizing beam splitter cube received the same
transmission coefficient and ideal reinfection was assumed.

I
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Figure 12 : Plot of percent throughput as a function of reflection coefficient of the polariz-
ing beam splitter cubes. Each polarizing beam splitter cube received the same reflection
coefficient and ideal transmission is assumed.
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I
3. Stokes imaging polarimeter

The UAH Stokes imaging polarimeter was assembled primarily for polarimetric
metrology of optical systems2 1 . We operate the Stokes imaging polarimeter by introducing
a plane wave or spherical wave of known polarization state to the optical element or optical

system under test, and measure Stokes images of the transmitted light. We thus characterize

the polarimetric response of the optical system to a waveform of known polarization. Section

4 describes the Mueller matrix imaging polarimeter which characterizes the system for any

arbitrary incident polarization state. A brief review of Mueller/Stokes calculus is at the

beginning of section 4.
The Stokes images are generally measured at either the exit pupil or image plane by

focusing the camera on that plane. For instance when the camera is focused on the exit pupil,

each pixel of the camera corresponds to a ray path through the optical system under test and

the imaging polarimeter measures the polarization aberration functionl7,1 8 . If the camera

is focused on the image plane, then the distribution of polarization states in the point spread

function is measured and the polarization point spread function of the system is determined

I in Stokes vector form. Since the point spread function is usually only a few microns in diameter,

a microscope objective or other high magnification system is needed to observe the structure

of the point spread function with the ccd camera.
A schematic of the UAH Stokes polarimeter is shown in Figure 13. The polarimeter

consists of a rotating quarter wave retarder in front of a fixed polarizer. Currently, the Stokes

imaging polarimeter works by capturing four images at four different orientations of the

quarter wave retarder and using these intensity modulated images solves for the four Stokes

parameters of the incident light on a pixel by pixel basis. Details about the hardware and

camera used is given in section 4.4.

Another version of the Stokes imaging polarimeter that has been developed uses a

rotating polarizer in front of the ccd camera. This polarimeter only gives the first three stokes

parameters: so. s I, s 2.
The s , S 2,s 3 Stokes images can be normalized by the image intensity s " to produce

images with only polarization information. For instance normalized s 3 is the fraction of

circular polarization in the wavefront, or the degree of circular polarization (DOCP). DOCP
is zero for completely linear or unpolarized light and one for right circular polarized light,
negative one for left.

Other useful measures that can currently be displayed as images include:
the degree of polarization DO P

2 S22.S

DOP so (1)

DOP varies from zero for unpolarized light to one for polarized light.

13
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Figure 13 : Schematic diagram of UAH Stokes Imaging Polarimeter.

The degree of linear polarization D 0 L Pis a measure of the amount of linear polarization

DOLP= 1 5 .  ( 2

So 2

DO LP is zero for unpolarized or circularly polarized light and one for polarized light.

I S
The igriento 13: ceaticyaneudt dipaygrahclmp of UA tksIaig polariter. aer

Two other definitions specify a polarization ellipse. The eccentricity xof the polarization

ellipse is

1 =1 s 2 \s

and the orientation a of the major axis of the polarization ellipse is

2 11

The orientation and eccentricity can be used to display graphical maps of polarization aber-
ration which may contain arrays of polarization ellipses representing the average polarization

of regions of the wavefront, such as is shown in Figure 14.

14
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Figure 14 The effect of a f/0.5 telescope mirror on circularly polarized light. Elliptical
polarization around the edge is due to tangentially oriented linear retardance of the inter-

face.

I Code to calculate all four Stokes images using the rotating retarder scheme has been
developed. Code has also been developed to calculate the first three Stokes images using the3 rotating polarizer scheme. Each of the above algorithms calculate the associated normalized
Stokes images as well. A program has also been written to calculate DOP, DOLP, DOCP, and
the eccentricity and orientation of polarization ellipse from the normalized Stokes images.
Code to produce graphical maps of polarization ellipses from the normalized Stokes

parameters has not been written yet.I Calibration issues that have been addressed and those that need to be addressed are
covered in section 5.

4. Mueller matrix imaging polarimeter
This section describes the Mueller matrix imaging polarimeter. After a brief summary

of Mueller matrix formalism, we describe the system design used to measure field of view

dependence of a polarizing beam splitter cube. Following this is a presentation of the results
of measurements made on an achromatic polarizing beam splitter cube at 632.8 nm.

4.1 Mueller Matrix Formalism
The Mueller matrix formalism is based upon the representation of the state of polarized

light by a 4 X 1 real Stokes vector. The Mueller matrix is a 4x4 real matrix which maps an
input polarization state into an output polarization state. We are interested in measuring the

15
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Mueller matrix for rays between conjugate planes in an optical system; in particular between

object-image planes and pupil planes. Each ray path through the optical system will have

slightly different polarizing effects because of variations in the angles of incidence at interfaces

(thin films interfaces) and because of different path lengths through birefringent and dichroic

materials. The ray path dependence of the Mueller matrix of an optical system can be written

as a function of object coordinate T, pupil coordinate q and wavelength X 17-18. The spatial

dependence of the Mueller matrix gives rise to polarization aberrations at the exit pupil of

I the optical system 17 "2 0 . The Mueller matrix imaging polarimeter measures the spatial

dependence of the Mueller matrix for a set of ray paths through an optical system.

Typically we are interested in measuring specific parts of the Mueller matrix which are

important to determine the polarizing characteristics of a particular polarizing element. For

example, in the next section we describe the procedure used to measure a 2x2 sub-matrix of

the Mueller matrix of a polarizing beam splitter cube. Measurement of this sub-matrix is an

important diagnostic for polarizing beam splitters that will go into a cascadable logic module.

4.2 System design of the Mueller matrix imaging polarimeter for measuring polarizing

beam splitter cubes

The block diagram in Figure 15 shows the basic design of the imaging polarimeter used

to measure the polarizing beam splitter. The light source is a polarized 632.8 nm wavelength

He-Ne laser. The beam is focused to a 100 micron spot onto a rotating ground glass disk,

thereby reducing diffraction and interference effects in the image at the ccd caused by dust

or imperfections on the optics. The beam is then collimated and passed through a Glan-

Thompson polarizer and an achromatic half wave retarder both placed in manual high res-

olution rotation stages. The polarizer/HWP pair comprises the polarization generator. The

collimated light is then expanded to a 100 half angle cone of light. The divergent light then

passes through the polarizing beam splitter cube. The last surface of the cube is the stop of

the system. The beam is then reduced and collimated to pass through the rotating polarizer.

The exit pupil which is image of the last surface of the PBSC is magnified and imaged onto

the ccd.

To control system operation, capture and process images, and display the results, a PC

386 computer with the following peripherals is used. A 512 X 512 video frame grabber board

with 8-bit resolution in conjunction with a visible/near infrared monochrome ccd camera. A

multisync color monitor is used to display false colored measured frames and calculated false

color pupil maps of the polarizing beam splitter. Measured frames are shipped over the PC

bus to PC memory where high precision floating point processing is performed.

Each measured frame is divided into 4 X 4 pixel squares which we will call bixels. The

value of the bixel is the average value of the 4 X 4 square. As the bixel size is increased the

angular resolution of -ie measurement is decreased.

* 16
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Figure 15:• Schematic diagram of Imaging Polarimeter used to measure the polarizing

I properties of a oaiigbeam spitrcube.

I I Bixels are used to provide a spatial integration of the intensity variation due to speckle

on the ccd. Using bixels also decreases the effect of beam wander due to element wedge in
I the rotating polarization elements (see section 5.5). The trade off is a decrease in resolution.

II For measurements of the polarizing beam splitter, high resolution is not important since field
of view dependence of PBSC is slowly varying.I
4.3 Measurement of PBSC

I The imaging polarimeter, in this configuration, measures the performance of theI polarizing beam splitter cube for several meridinal and skew rays. By sending in spherical
waves of known polarization and analyzing the light with the polarizer/ccd camera combi-

I nation (the Stokes polarimeter), the following performance parameters are measured.

Transmission throughput is measured when linearly polarized p light is incident and the
Itransmission axis of the polarization analyzer is parallel to i direction. Transmissionlekg

is measured when g light is incident and the total amount of light transmitted is measured.
i Couplance is measured when ibis incident and the amount of transmitted g light is measured.I Transmission throughput and leakage can also be measured for incident unpolarized light.

The same performance measurements are made in reflection except g light is sent in place ofVA light in placeof R.

Each of these measurements were made with a 10" half angle cone of incident light. The
I results are shown as pupil maps, similar to the ones generated by ray tracing in section 2.2,

and are given in Figures 16-18. The . axis is in the plane of incidence of the multi-layer of
the PBSC for an axial ray. The positive direction is the direction light reflects when facing
the back surface of the PBSC (compare coordinates in Figures 15 & 16-18). Each color square
in the pupil map is a bixel corresponding to a definite solid angle bundle of rays propagating
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I
through the PBSC.

Figure 16 is a false color plot of the transmission throughput of a polarizing beam splitter3 cube as a function of ray angle. The center of the pupil map corresponds to an axial ray and
the edge represents rays that subtend a 10 degree angle to the optical axis. The transmission
throughput is symmetric about the 9 axis as expected. However the throughput falls off faster
in the negative - direction than the positive direction. This behavior is consistent with what
was found by tracing rays through a modified Macneille polarizing beam splitter cube (see
Figure 5). In this plot an overall variation in throughput of 50% is observed with a resolution
of better than 10%.

Figure 17 is a plot of transmission leakage as a function of ray angle. The leakage is

below a half percent for axial rays and rays within the plane of incidence in the negative 'k
direction. The leakage of § light increases for non-axial rays in other directions up to about

1.5% to 2.0%.
Figure 18 is a plot of the couplance of incident p light into transmitted § light. For rays

along the plane of incidence of the polarizing beam splitter cube no couplance is observed.
The incident polarization is an eigenstate of the cube in this plane. Rays in other directions
couple more strongly into the orthogonal polarization for two reasons. First, a coordinate
rotation of the polarization direction takes place for skew rays at the multi-layer interface.
That is, the electric field vibration incident on ihe multilayer must be decomposed into Pand
§ states for non-meridinal rays. The second coupling mechanism is due to the slight bire-
fringence of the multilayer.

The next measurements to be done will le made at 850 nm to supply AT&T Bell Labs
with comparative data on polarizing beam splitter cubes needed in the optical computer.

5. Calibration Issues
In this section, the issues of camera calibtation, bootstrap calibration of the polarization

generator and analyzer elements, movement iri the scene, source/detection fluctuations, beam
wander, and instrumental polarization are discussed.

5.1 Camera calibration
Camera calibration can be relaxed somewhat due to the nature of our measurement

technique. Our calculated images, or pupil rnaps in the case of the PBSC measurements,

I consist of added and surfaced images divided by another image. Normally each pixel grey
value would need to multiplied by a sensitivity factor which is slightly different for each pixel
(sometimes 10%), but since our images ratioed, the sensitivity factor drops out. However,
the dark count (pixel value at zero light level 'mwst be subtracted out of each measurement.

18



I

I
I -
I -[l;p

I Figure 16:• Transmission throughput as a function of ray angle of a polarizing beam split-

i ter cube. Measured with the UAH- imaging polarimeter at 632.8 nm.
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I Figure 17:' Transmission leakage as a function of ray angle of a polarizing beam splitter

cube. Measured with the UAH imaging polarimeter at 632.8 nm.

I
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i Figure 18 : Couplance of iPinto g as a function of ray angle of a polarizing beam splitterI cube. Measured with the UAH imaging polarimeter.

* 194



Each of the data reduction algorithms mentioned in sections 3 and 4 presently do this.
If Fourier methods are used, which do not involve division of images, a sensitivity file

containing information about the gain of each pixel must be formed. Each measured image
would be multiplied by the sensitivity file to compensate for pixel gain variation of the ccd.

I 5.2 Polarizing element calibration
Without sufficient prior knowledge of the properties of the polarization elements, a

bootstrap calibration needs to performed, i.e. a calibration using retarders and polarizers with
unknown properties. The calibration should make the fewest number of assumptions about3 the polarizing elements and utilize methods that are relatively insensitive to the weakest
assumptions. Once an accurate Mueller matrix polarimeter is operating, it can be used to
calibrate polarization elements for other polarimeters, greatly simplifying the exacting task

of construction and accurate imaging polarimeter.
Preliminary calibration has been done on the UAH imaging Stokes polarimeter.

Polarizer calibration assumed that the polarizers only display diattenuation. The transmit-
tance of the transmission axis and the absorption axis of polarizers were measured. Two
similar polarizers were calibrated in this way were then used to calibrate the retarders. The
first nine elements m 1 1 through rn 33 of the retarder Mueller matrix were measured by rotating
the polarizers at a 3:1 ratio on either side of the quarter wave retarder. The resulting intensity
modulation has four harmonics and a dc term in its Fourier series which will solve for the

nine Mueller matrix elements. The linear retardance and linear diattenuation can be obtained
from these nine Mueller matrix components assuming there is no circular retardance. Circular
retardance occurs in multiple element linear retarders when the fast axes of the linearly

birefringent elements are not exactly 0* or 900 apart. To test for circular retardance, the
QWLR was placed between two crossed linear polarizers with its fast parallel to the trans-3 mission axis of the first polarizer. If circular retardance is present, the electric field vector is
rotated slightly, so that the final polarizer must be rotated to locate the null. No circular
retardance was observed in these retarders, but we have detected it in other linear retarders.

If circular retardance is observed, the remaining seven components of the QWLR Mueller
matrix should be measured. A method to measure these components is described in reference
22.
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5.3 Speed of data acquisition
The imaging polarimeters discussed here take measurements sequentially in time and

are sensitive to drift. Any change in source intensity or any drift in camera sensitivity during
the measurement sequence is a source of 1/f noise. The measurements must be made as

quickly as mechanically possible. The rotation stage which rotates the polarization generating

and analyzing elements is the limiting factor. Ideally the stage should rotate the polarizing
element into position during one frame period or 1/30th second. This would be a dead frame

period. In the case of the Stokes polarimeter, if frame averaging is not done, the measurement

time required would be four frames for data acquisition and three dead frames, or 7/30th of
a second. High speed data acquisition may enable polarimetric measurements of quasi-still
life such as planes, boats or vegetation.

5.4 Beam wander
Another important calibration issue is beam wander. To understand the problem,

consider how digital image processors calculate derivatives. A partial derivative of the image
intensity in the x direction is calculated by shifting the image in the x direction and subtracting
the image from itself. The imaging polarimeter performs data reduction by adding and1 subtracting images. A moving object in the scene introduces spurious contributions into the
Stokes images proportional to the resulting intensity derivatives. These intensity gradients
are often greatest around the objects edges, but edges are where many objects have their
greatest polarization signatures. Fortunately, in optical system polarimetric metrology, our

* subject is usually a fixed optical system and the intensity gradients are generally small. Thus,
far more accurate polarimetry is possible in this setting than in remote sensing or tactical
polarimetry.

The faces of QWLR need to be highly parallel because wedge in a rotating element
generates beam wander. If the retarder is slightly prismatic, the image will move in a circle
on the ccd resulting in a spatial misregistration and image derivatives. Large amounts of beam
wander can be partially compensated by carefully shifting the measured images in software.

U 5.5 Instrumental polarization
The instrumental polarization due to wavefront shaping optics within the polarimeter

may require compensation during data reduction. Their instrumental polarization will have
to be determined each time a new optical system is configured within the sample compartment,
so standardized methods for removing this systematic error should be developed.

I
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6. Alignment of a logic module using the imaging polarimeter

* Careful alignment of the logic modules must be performed so that the spots hit the

correct places on the patterned reflectors and the s-SEEDs. Furthermore, the azimuthal

orientation of the waveplates must be adjusted to insure that the system is operating with the

greatest possible throughput. The imaging polarimeter can be used to maximize the amount

of light that is in the correct polarization state at each stage of the COLM. The procedure,
in Thort, is to aim the imaging polarimeter into a certain stage of the COLM such that the
camera is focused onto a pupil. Next, set the polarization analyzer orthogonal to the expected

state of polarization transmitted from that part of the stage. Finally, make slight azimuthal

adjustments on the quarter wave retarders until optimal extinction is observed over the entire

pupil. This maximizes the amount of light that is in the correct polarization state. By doing
this at each stage of the logic module, the entire system can be tweaked to arrive at the

i maximum output.

7. Conclusions

The performance of a cascadable logic module depends heavily on the quality of the

polarizing elements and their alignment. A imaging polarimeter has been constructed to
measure the uniformity and angular dependence of the polarizing beam splitter cubes and

the waveplates to generate a data base on the polarizing elements in order to determine which

ones (which manufacturer) are best suited for the system. The imaging polarimeter will also

be used to align and to understand the propagation of polarized light in such systems with

large numbers of polarizing beam splitters and retarders.

Presently softwarc has been written for the rotating retarder polarimeter, the rotating
polarizer polarimeter, the polarizing beam splitter measurements, and to calculate the first

nine elements (n 11 thru m 3 3 ) of the Mueller matrix. Software to display the output from

each of the above systems in false color has been developed.

Measurements of the angular behavior of a polarizing t-ham splitter cube have been
made. Measurements on other polarizing beam splitter cubes will be made using the present

method in order to form a database of compartive data on many polarizing beam splitter

cubes.

The imaging polarimeter will be used to align a cascadable logic module and determine

what alignment tolerances must be maintained for optimal efficiency.
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